The mechanisms underlying social dysfunction in neuropsychiatric conditions such as obsessive-compulsive disorder and Tourette syndrome remain uncertain. However, it is known that dysfunctions in basal ganglia, including a reduced number of striatal cholinergic interneurons (SCIN), are involved in their pathophysiology. To explore the role of SCIN in relation to perseverative behaviors, we characterized a new transgenic mouse model in which inducible ablation of SCIN is achieved with high efficiency in a cell-type-and region-specific manner. Mice were subjected to extensive behavioral testing, including assessment of social behaviors, and corticostriatal functional connectivity was evaluated in vivo. Selective SCIN ablation leads to altered social interactions together with exacerbated spontaneously emitted repetitive behaviors. Lesioned mice showed normal motor coordination, balance, and general locomotion. Interestingly, only environmentally driven, but not self-directed, repetitive behaviors were exacerbated in lesioned mice. Remarkably, in mice with SCIN ablation, the normal pattern of social exploration was replayed continuously. The emerging pattern of social interactions is highly predictable and invariant across time. In vivo electrophysiological recordings indicate that SCIN ablation results in an increase of the functional connectivity between different cortical areas and the motor, but not associative, region of the striatum. Our results identify a role of SCIN in suppressing perseverative behaviors, including socially related ones. In sum, SCIN ablation in mice leads to exacerbated ritualistic-like behaviors that affect social performance, providing a link between SCIN dysfunction and the social impairments present in psychiatric disorders.
Introduction
Rituals, defined as the limitation of behavioral expressions to predictable sequential action streams and repetitive motor patterns (Graybiel, 2008; Lang et al., 2015) , constitute part of normal everyday life, including social interactions. However, they are considered pathological entities when triggered by unfitting environmental stimuli or result in persistent behaviors that interfere with activities of daily living. Tics, stereotypies, and compulsions, including ritualized behaviors, are core signs of obsessive-compulsive disorder (OCD), Tourette syndrome (TS), and related disorders. Analysis of social behavior in these disorders is often focused on negative reactions of peers such as stigmatization, discrimination, and social exclusion (Eapen et al., 2016) . However, alteration of social life in OCD/TS and related disorders might depend in part on the dysfunctional social behavior of the patients themselves. A recent study describes a highly heritable subtype of TS characterized by high rates of social disinhibition (Hirschtritt et al., 2016) . The putative mechanisms underlying social dysfunction in neuropsychiatric disorders remain largely unknown.
Common anatomical, genetic, and functional bases have been proposed for OCD and TS (Pauls et al., 1986; Sheppard et al., 1999; Langen et al., 2011) , usually involving dysfunctions in the basal ganglia. Corticostriatal synapses, the main input site of information to the basal ganglia, are affected in animal models of OCD and TS, such as in Sapap3-and Slitrk5-deficient mice (Welch et al., 2007; Shmelkov et al., 2010) . Remarkably, these mutant mice display compulsive self-grooming and tic-like behaviors, suggesting that aberrant striatal processing of cortical inputs may underlie some aspects of OCD/TS (Gillan et al., 2011; Burguière et al., 2013; Gremel and Costa, 2013; Wan et al., 2014) . None of the above-described animal models has been examined for alterations of social behavior. Additional models were developed after the finding that different subpopulations of striatal interneurons are decreased in the brain of patients with TS . In that study, the investigators reported a significant reduction of ϳ50% in the density of striatal cholinergic interneurons (SCIN) and also parvalbuminimmunoreactive interneurons in the caudate and putamen of postmortem brains from TS individuals using unbiased stereological methods. Supportive data involving striatal interneurons in TS pathophysiology were obtained when analyzing the striatal transcriptome from patients with TS (Lennington et al., 2016) . SCIN are key regulators of striatal function (Apicella, 2007; Pisani et al., 2007) and their partial elimination by immunotoxin treatment in rodents exacerbates pharmacologically induced self-directed repetitive motor patterns (Xu et al., 2015) . However, whether SCIN ablation exacerbates spontaneous repetitive behaviors and has an impact on social behavior remains unknown.
Here, we investigated whether the selective elimination of SCIN increases the emission of spontaneous patterns of behavior, turning them more repetitive and predictable. Based on the view that signals emitted by SCIN serve to stop ongoing activity and redirect attention and behavior to new salient stimuli (Ding et al., 2010) , we focused on behaviors directed to environmental features and events including social stimuli.
Materials and Methods

Animals
All experimental procedures were in accordance with institutional regulations (Institutional Animal Care and Use Committee of the School of Medicine, University of Buenos Aires, ASP# 21076/15 approval ID: 783/ 15) and government regulations (SENASARS617/2002, Argentina). All efforts were made to minimize the number of mice used and their suffering. Mice were maintained on a 12 h light: 12 h dark cycle at constant temperature (21-24°C) with ad libitum access to food and water.
To generate the experimental animals, homozygous choline acetyltransferase (ChAT)-Cre mice (ChAT tm(cre)Lowl/J obtained from Jackson Laboratories, J06410) were crossed with the homozygous iDTR line (Gt(ROSA)26Sor tm1(HBEGF)Awai ; Jackson Laboratories, J007900). Both lines are in the C57BL/6 homogeneous background and genotypes were confirmed by PCR. After crossing the ChAT-Cre line with a reporter line (rosa-CAG-LSL-tdTomato-WPRE (Madisen et al., 2010) , 99.1% of the striatal ChATϩ cells undergo Cre-mediated recombination (Tomatoϩ) and 93.6% of Cre-recombinant cells are ChATϩ (data obtained from 2-4 striatal sections from 3-5 mice, C. Tubert, A. Prost, and L. Rela, unpublished data) . In addition, we have shown recently that SCIN in the ChAT-Cre line did not electrophysiological differ from SCIN of wildtype mice (Tubert et al., 2016) . Offspring hemizygous for the Cre transgene and heterozygous for the loxP-modified allele (ChAT-Cre ϩ/Ϫ ; DTR loxP/wt , hereafter ChAT-DTR) were weaned between 21 and 28 d of age and group housed in same-sex sibling pairs until stereotactic surgery. The iDTR line allows expression of the Diphtheria toxin (DT) receptor (simian Hbegf) after Cre-mediated recombination of a floxed stop cassette, rendering targeted cells susceptible to the toxin. Selective ablation of SCIN is achieved by stereotaxic microinjection into the striatum as described below.
Stereotaxic procedure
Adult ChAT-Cre male mice (3-4 months old) were subjected to standard stereotaxic surgery. Briefly, under deep surgical anesthesia (isofluorane 2-1%), each mouse was mounted in a stereotaxic frame (Stoelting) with a mouse adaptor and treated with a local anesthetic in the scalp and pressure points (bupivacaine hydrochlorate solution, 5% w/v, Durocaine, AstraZeneca, 0.1-0.3 ml). Ophthalmic ointment was applied in both eyes to prevent corneal desiccation. DT stocks (Sigma-Aldrich #D0564) were freshly diluted in sterile saline to a concentration of 200 pg/l. DT solution (lesion) or saline (sham) were microinjected (at a constant rate of 0.22 l/min) unilaterally or bilaterally in dorsal striatum via a 30 gauge stainless steel cannula coupled to a 10 l Hamilton syringe driven by a microinfusion pump (Bioanalytical Systems). The injection cannula was left in place for an additional 1 min before slowly retracting it. DT solution or solvent was injected in three independent sites per hemistriatum: anterior site: 1.3 mm anterior to bregma, 1.6 mm lateral and Ϫ2.8 mm (0.44 l) and Ϫ2.4 mm (0.44 l) ventral from dura; posterior site: 0.6 mm anterior to bregma, 1.8 mm lateral and Ϫ3 mm ventral from dura (0.73 l) according to the atlas of Paxinos and Franklin (2001) . Mice receiving both treatments were housed together in groups of three to five mice per cage until testing. To control for nonspecific effects of DT, a cohort of mice that does not express the DT receptor (ChAT-Cre Ϫ/Ϫ ; DTR loxP/loxP ) were treated as described above with one group receiving DT (T, toxin) and the other saline (S, solvent) as a control.
Histology and immunohistochemistry
At the end of each experiment, all mice received a lethal dose of chloral hydrate 5% in saline and were perfused transcardially with 10 ml of cold saline solution with 0.04% heparin (Duncan Laboratories, 5000 UI/ml), followed by 40 ml of buffered paraformaldehyde (4% PFA in 0.1 M PBS). Brains were removed, immersed overnight in the same fixative at 4°C, and then cryoprotected in 30% sucrose in 0.1 M PBS at 4°C for 24 -72 h. Coronal brain sections (30 m) were cut with a sliding microtome equipped with a freezing stage (Leica). The extent of DT-induced SCIN lesion was confirmed by immunohistochemical detection of ChAT in all experimental mice.
Briefly, sections were washed once with PBS, treated with 0.3% H 2 O 2 in PBS for 20 min, pH 7.4, washed for 10 min in PBS, pH 7.4, and incubated for 2 h in PBS containing 0.1% Triton X-100 and 3% BSA at room temperature. Then, sections were incubated overnight with a goat anti-ChAT primary antibody (1:1000, AB 144P; Millipore) at 4°C. After PBS washing, sections were incubated with a horse anti-goat biotinylated secondary antibody (1:250, BA-9500; Vector Laboratories) and subsequently with streptavidin-biotin/horseradish peroxidase complex (ABC kit; Vector Laboratories) for 2 h. Immunoreaction was visualized with 3,3Ј-diaminobenzidine (DAB; Sigma-Aldrich). Immunostaining for parvalbumin, neuropeptide Y, and calretinin markers was performed as described previously (Taravini et al., 2005) . For double immunostaining, sections were simultaneously incubated with goat anti-ChAT and mouse anti-parvalbumin primary antibody and sequentially developed with horse anti-goat biotinylated secondary antibody (1:400; Vector Laboratories) plus FITC-conjugated streptoavidin (1:500; Invitrogen) and Cy3-conjugated goat anti-mouse secondary antibody (1:400, 115-165-146; Jackson Immunoresearch). Sections were mounted in Vectashield (Vector Laboratories) and images acquired using a FV1000 Fluoview Olympus confocal microscope.
Lesions were assessed by counting ChATϩ cell bodies in DAB-stained coronal sections containing dorsal striatum, septum, diagonal band of Brocca, and nucleus accumbens. Sections were photographed and digital files analyzed using the ImageJ cell-counter plugin. All immunoreactive cell bodies with at least one stained process were counted bilaterally in 5 sections per mouse (coronal planes ϩ1.5, ϩ1.2, ϩ0.86, ϩ0.5, ϩ0.14 mm from bregma). Cell numbers are referred to as total positive cells per section or integrated as the sum of all counted sections. For unilaterally treated mice, cell numbers are expressed as percentage of untreated side.
Structures outlines were adopted from the atlas of Paxinos and Franklin (2001) .
Behavioral tests
We subjected bilaterally lesioned and control mice to a behavioral test battery that began 3 weeks after surgery. All behavioral tasks except the Y maze spontaneous alternation task were performed during the light phase by an investigator blinded to genotype/treatment. All sessions were video recorded and mouse position was determined by automatic video tracking (ANY-maze; Stoelting). All mice were moved to a holding room adjacent to the behavioral test room in their home cages at least 1 h before testing. All findings were confirmed in at least two separate cohorts of mice. All mazes and chambers were thoroughly cleaned with 10% ethanol, dried between subjects, and sanitized at the end of the day. Only mice in which the lesion reached 75% compared with control mice were included in the analysis.
Locomotor activity in an open field. Locomotor activity in a novel open field was conducted as described previously (Braz et al., 2015) . Briefly, horizontal locomotor activity was assessed in a transparent acrylic openfield arena (40 ϫ 40 cm) for 30 min.
Motor coordination test. Balance and motor coordination were assessed by an accelerating rotarod (4 -40 rpm over 5 min, Treadmill 7600 for mice, UgoBasile). Each mouse was assessed for 10 trials with 5 min intertrial intervals.
Grooming and vertical activity. Grooming and vertical activity were assessed in a small acrylic box (15 ϫ 20 cm) with a 45°inclined mirror under the transparent floor for a detailed view of mouse behavior. All sessions lasted 15 min and were video recorded. Videos were hand scored offline using ANY-maze software. For measuring induced grooming behavior, mice were briefly removed from the mirrored chamber, sprayed with water (misting) from the back of the mouse's body, and returned back to the observation chamber. Spontaneous and induced grooming were assess on 2 separate days. Vertical activity included rearing and wall leaning. Grooming behavior included complete and incomplete sequences of licking, scratching, and washing of the paws, head, and body. Number of events, total time, and event duration were calculated by ANY-maze software.
Marble-burying test. Each mouse was transferred individually into a clean home cage containing 20 dark marbles homogenously distributed over 5 cm bedding for a 10 min test. Session was video recorded and buried marbles were counted every 2 min. Numbers and time of digging events and latency to first marble approach were hand scored offline using ANY-maze software.
Hole-board test. Exploratory behavior was assessed in a transparent acrylic hole-board arena (40 ϫ 40 ϫ 40 cm) with 16 equidistant holes (2 cm in diameter) in the floor. Each mouse was placed in the apparatus for 30 min. The number of head-dippings was quantified by hand scoring using ANY-maze.
Elevated plus maze. Anxiety-like behavior was assessed using an elevated plus maze as described previously (Belforte et al., 2010) . The maze consisted of 2 open arms (30 ϫ 6 cm) with 3-mm-high ledges and 1 closed arms (30 ϫ 6 cm) with 15-cm-high opaque walls. The duration of the test was 5 min.
Y-maze spontaneous alternation test. This test was conducted as described by Braz et al. (2015) . A Y maze with three identical arms of transparent acrylic (40 ϫ 4.5 ϫ 12 cm) 120°apart was used. Experiments were conducted during the initial dark phase (6:00 P.M. to 8:00 P.M.) to maximize exploratory behavior.
Social interaction test. This test was performed on a three-chamber opaque acrylic box, as described previously (Braz et al., 2015) . An empty central compartment (20 ϫ 20 cm) connects with two lateral compartments (20 ϫ 20 cm) containing a wire cup-like container (diameter: 8 cm) in which a demonstrator mouse or an object was placed, defining the social compartment and object compartment, respectively. Demonstrators (wild-type 129Sv/Ev male mice 3-5 months old) were habituated extensively to the wire cup containers before usage. Location of demonstrator and object were randomized across trials. One day before testing, experimental mice were habituated to the empty three-chamber box. On the testing day, mice were restricted to the central compartment for 5 min. Then, mice were allowed to freely explore the entire maze for 15 min. Transitions between compartments were detected automatically by overhanging video camera and ANY-maze tracking software. Sniffing behavior directed toward demonstrator/object was hand scored offline and integrated with tracking coordinates obtained from ANY-maze software. Social/object contacts were defined as active sniffing of the experimental subject in a close proximity (Ͻ1 cm) to the circular edge of the wire cup-like container. To analyze the temporal pattern of social interactions, individual perievent histograms were constructed by aligning the time stamps of social contacts to the entrance to the social compartment. Therefore, histograms represent the number of social contacts per visit, in bins of 1 s, from 10 s before to 30 s after entrance (time 0 coincides with time of entrance to the social compartment, defined as 80% of the mouse body crossing from central to social compartment). Total number of social contacts per bin was normalized by the number of the mice visits to the social compartment. Sessions were segmented in 5 min periods and a bin by bin average across mice was used to construct the population histograms depicted in Figure 4B . "Social contacts at entrance" was defined as the total number of contacts per visit occurring during the first 5 s after entrance and "sustained social activity" is the same value for the rest of the visit. To estimate the variability of the social interaction behavior along the session, intraindividual dispersion of social contacts was estimated by the coefficient of variation (CV; ϭ SD/mean) of the social contacts. The CV value was calculated for each mouse in 5 min blocks for the 0 -5 s and Ͼ5 s epochs defined above using each visit as a sample. The population CV value for each experimental group was calculated as the mean Ϯ SEM of individual CV of n mice for the corresponding periods. Predictability of social response was estimated by calculating the probability of social contact at entrance across the session. Probability of social contact was defined as the number of entrances in which the mouse made at least 1 social contact in the first 5 s over the total number of entrances to the social compartment (1 ϭ social contact in all entrances, higher possible predictability over the response).
Social recognition test. The procedures used have been described previously (Belforte et al., 2010) . Mice were habituated to a clean novel cage for 1 h before testing. Testing began when a stimulus mouse was introduced into the cage of each subject for a 1 min confrontation. Wild-type 129Sv/Ev male mice 3-5 months old were used as stimulus mice during the experimental trials. At the end of the 1 min trial, the stimulus mouse was removed and returned to an individual holding cage. This sequence was repeated for four trials with 10 min intertrial intervals and each stimulus mouse was introduced into the same resident in all four trials. In a fifth "dishabituation" trial, a different stimulus mouse was introduced into the cage of the subject. For the dishabituation trial, the stimulus mouse was picked from a different holding cage than was used for the previous four trials. Sessions were recorded and subsequently scored by trained raters using ANY-maze software. Social investigation included the following: direct contact with the stimulus mouse while inspecting any part of the body surface (including grooming, licking, and pawing); sniffing of the mouth, ears, tail, or ano-genital area; and closely following (within 1 cm) the stimulus mouse. Aggressive and sexual behaviors were excluded. To evaluate the reproducibility of the social response, we calculated the intraindividual CV of duration of social contacts across trials. The population CV value for each experimental group was calculated as the mean Ϯ SEM of individual CV of n mice.
In vivo electrophysiology. All recordings were performed under urethane anesthesia as described previously (Braz et al., 2015) . Briefly, to study striatal responses evoked by cortical stimulation, concentric bipolar electrodes were placed into the prelimbic area of the medial prefrontal cortex and into the motor area M2. Constant current pulses were applied to study corticostriatal synaptic connectivity through multiunitary action potential activity recorded from a three-shank silicon probe consisting of 24 channels placed in the dorsal striatum. To quantify the action potential response, trials were rectified, smoothed, and averaged, allowing the computation of the area of the multiunitary action potential response.
Statistical analysis
Data were organized using Microsoft Excel and analyzed using GraphPad Prism software. No datasets violated normality assumptions; 2-tailed parametric statistics were used in all cases and the threshold for significance was set at p ϭ 0.05. Student's t test or two-way repeated-measures (RM) ANOVA followed by Bonferroni's post hoc test were used, as described in the text and figure legends for each dataset. Significance of probability indexes analyzed by Fisher's exact test corrected for multiple comparisons. Data are presented as mean Ϯ SEM except when indicated otherwise.
Results
Cell-type-specific and regionally restricted ablation of SCIN To uncover the impact of SCIN degeneration in the emergence of repetitive behaviors related to OCD and TS, we ablated SCIN selectively using a DT-inducible cell ablation system. To confine the DT receptor (DTR) expression specifically to cholinergic cells, we crossed the ChAT-Cre line (Rossi et al., 2011) with iDTR mice (Buch et al., 2005) to generate the ChAT-DTR line. The ChAT-Cre line drives Cre-recombinase expression selectively to ChAT-expressing cells, including striatal ones, as verified by crossing with reporter lines (Madisen et al., 2010) . Therefore, Cre-recombinase-mediated removal of the floxed-stop cassette in cholinergic neurons renders the cells susceptible to the DT. Initially, to characterize the system, ChAT-DTR mice were microinjected unilaterally with DT (322 pg in three sites per side) in the dorsal striatum via stereotaxic surgery. The degree and specificity of DT-induced degeneration was assessed by immunohistochemical staining of striatal sections using different interneuron markers. Two to 3 d after DT injection, postmortem analysis showed some ChATϩ cells with immunohistochemical expression of activated caspase-3 (data not shown). Three weeks after DT injection, massive SCIN loss was observed in the DT-treated side compared with the contralateral control side (Fig. 1A) . Lesions spanned the entire anterior-posterior axis of the striatum and comprised Ͼ75% of total SCIN. Time course analysis using independent groups killed at 2, 3, and 12 weeks after DT injection showed that, after 2 weeks, no further reduction in SCIN number occurred (2 weeks: 8.1 Ϯ 4.0, 3 weeks: 8.5 Ϯ 4.6, and 12 weeks: 2.4 Ϯ 0.7 remnant cells as percentage of control side, 5 sections per mouse from 3 mice for each time point ANOVA p ϭ 0.28). The lesions were highly specific for SCIN without any significant reduction in the number of parvalbumin-, calretinin-, or NPYϩ interneurons in the DT-treated striatum (RM-ANOVA, treatment factor F (3,32) ϭ 176.8, p Ͻ 0.0001, *p Ͻ 0.001 LSD post hoc test vs ChAT; Fig. 1B,C) . Close examination of microinjection site did not show any appreciable lesion of parvalbuminϩ interneurons in the region exposed to the highest DT concentration during the injection (Fig. 1B) . To explore the behavioral impact of extensive ablation of SCIN, we injected adult ChAT-DTR male mice bilaterally with DT (lesion) or solvent (sham). Behavioral testing began 3 weeks after surgery and was followed by immunohis- tochemical verification of lesion extent (RM-ANOVA, F (4,112) ϭ 31.1, p Ͻ 0.0001; Fig. 1D ,E). Lesions were restricted to the dorsal striatum without any significant reduction in the number of SCIN (RM-ANOVA, interaction F (2,56) ϭ 198.9, p Ͻ 0.0001; Fig. 1F ) and ChAT-immunostained neuropil (data not shown) in nearby structures such as the nucleus accumbens or the septum/diagonal band of Brocca, confirming the anatomical specificity of our manipulation. Only mice with Ͻ25% of remaining SCIN compared with controls were included in the analysis.
SCIN ablation does not affect basic motor functions
Because SCIN may regulate motor function (Kaneko et al., 2000) , we first evaluated the impact of SCIN lesions on motor performance. Despite extensive SCIN ablation, lesioned mice displayed normal motor coordination and balance in an accelerating rotarod and control levels of locomotor activity during exploration of an unfamiliar open arena ( Fig. 2A,B) . Tics and stereotyped movements are central for the diagnosis of TS and have been reported in purported animal models of TS (Nordstrom and Burton, 2002; Castellan Baldan et al., 2014) . Therefore, we monitored the impact of SCIN lesions on stereotyped behaviors in a small, two-side mirrored enclosure. Inspection of recorded sessions by observers blinded to treatment revealed no obvious orofacial or head-related tics (e.g., head nodding) in lesioned mice. Moreover, lesioned and control mice showed comparable levels of spontaneous grooming (Fig. 2C) and grooming induced by water misting (total grooming time: sham, 221 Ϯ 40 s; lesion, 185 Ϯ 27 s; t test t (26) ϭ 0.74, p ϭ 0.46, n ϭ 14 mice per group), indicating that the generation of stereotyped self-oriented behaviors was not affected by the lesion. Instead, when analyzing rearing behavior, a repetitive pattern of cage exploration emerged in lesioned mice. Although the number of vertical events was significantly higher in lesioned mice (Fig. 2C) , the mean duration of each rearing event was similar across groups (sham, 1.36 Ϯ 0.08; lesion, 1.31 Ϯ 0.11 s, t test t (20) ϭ 0.33, p ϭ 0.74).
SCIN elimination leads to perseverative-like behaviors
To extend the study of repetitive behavior, lesioned and control mice were subjected to a hole-board exploration test. Lesioned mice exhibited a marked repetitive exploratory behavior, with a near twofold increase in the number of investigated holes along the entire session (Fig. 2D ). This phenotype cannot be a consequence of an inability to remember previously visited holes because lesioned mice displayed control levels of alternation during spontaneous exploration of a Y-maze (Fig. 2E) indicating unaffected short-term memory. Confirmatory results were obtained in a different experimental setting, the marble burying test, which evaluates object-oriented perseveration and has been used extensively to investigate repetitive responses involved in OCD (Thomas et al., 2009 ). Latency to interact with the first marble was similar between groups (sham, 2.5 Ϯ 0.4 s; lesion, 2.1 Ϯ 0.3 s; t test t (28) ϭ 0.91, p ϭ 0.37), suggesting a normal exploratory drive. However, lesioned mice buried the marbles significantly faster than control mice (RM-ANOVA, treatment factor F (1,112) ϭ 4.95, p ϭ 0.034; Fig. 2F ) and exhibited more repetitive digging of cage bedding (number of digging events: sham, 65 Ϯ 5, lesion: 86 Ϯ 7; t test t (28) ϭ 2.28, p ϭ 0.03), signs usually interpreted as compulsive-like behaviors (Shmelkov et al., 2010) . The expression of repetitive behaviors may be modified by anxiety; however, the lesioned group showed no signs of anxiety-related behaviors in the open-field or elevated plus maze tests (Fig.  2 B, G) . These phenotypes cannot result from DT treatment per se because no significant differences were observed in the behavior of solvent and DT-treated mice that do not express the human DT receptor (mice that lack the DTR, i.e., ChAT-Cre Ϫ/Ϫ ; DTR loxP/loxP ; Fig. 3 . Self-grooming was normal but rearing events were increased (C, *p ϭ 0.042, t test) during exposure to a small enclosure. D, Increased repetitive behavior was also observed in the hole-board exploration test (t test, *p ϭ 0.037 and 0.048). E, Spontaneous alternation in the Y maze showed no deficit in short-term memory (t test, p ϭ 0.13). Dotted line illustrates chance levels. F, Exacerbated marble-burying behavior exhibited by lesioned mice resembles repetitive behaviors present in OCD (*treatment factor p ϭ 0.034). Left, Representative photographs at 6 min. G, No anxiety-like phenotype was observed for lesioned mice in the elevated plus maze test. The numbers of mice are indicated in figure references or inside columns.
Overall, SCIN ablation enhanced behaviors directed to salient environmental features and objects without modifying selfdirected repetitive motor patterns.
Selective elimination of SCIN results in increased ritualistic social exploration
Diagnosis of OCD, TS, and other psychiatric disorders requires symptom interference with daily functioning, including social activities. To assess whether altered control over repetitive behaviors can affect social life, we tested control and lesioned mice in a three-chamber social interaction task that evaluates the natural tendency of mice to explore a novel conspecific over a novel object (Fig. 4A-E) . Latency to the first social approach (t test t (22) ϭ 0.01, p ϭ 0.9; Fig. 4D ) and average time per social contact (sham, 1.34 Ϯ 0.17; lesion, 1.71 Ϯ 0.18 s, t test t (22) ϭ 1.29, p ϭ 0.21) are preserved in lesioned mice, suggesting a normal drive for social exploration. However, the total number of social contacts was significantly increased in lesioned mice (RM-ANOVA, interaction F (1,22) ϭ 7.31, p Ͻ 0.05; Fig. 4A ), leading to a significantly higher interaction time (RM-ANOVA, interaction F (1,22) ϭ 5.29, p Ͻ 0.05; Fig. 4B ) without changes in the number of entrances to the social compartment (Fig. 4C ) or in novel object exploration (Fig. 4 A, B) .
Fine examination of the temporal structure of social behavior showed that, at the beginning of the session, control mice follow a structured pattern of social investigation. While transitioning between compartments, each entrance to the social side results in a social contact within the first seconds, followed by additional contacts timely distributed during the visit (Fig. 5 A, B) . Interestingly, this sequence (compartment transition, short-latency social contact, sustained social interactions, exit) became less predictable along the session in control mice (Fig. 5C,D) . Instead, lesioned mice continue to display a highly structured pattern of social investigation during the entire session (RM-ANOVA, interaction F (2,44) ϭ 3.27, p Ͻ 0.05 and F (2,44) ϭ 3.01, p Ͻ 0.05; Fig.  5C ). Furthermore, lesioned mice presented significantly lower levels of intraindividual variability of their social responses (RM-ANOVA, time factor F (2,44) ϭ 7.96, p Ͻ 0.005, treatment factor F (1,44) ϭ 4.93, p Ͻ 0.05, F (2,44) ϭ 2.31, p ϭ 0.11, Fig. 5D , left; RM-ANOVA, time factor F (2,44) ϭ 8.26, p Ͻ 0.001, treatment factor F (1,44) ϭ 5.29, p Ͻ 0.05, F (2,44) ϭ 2.34, p ϭ 0.10, Fig. 5D , right), evidencing a higher predictability of their behavior along the session. Coincidentally, lesioned mice maintained the same probability of making a social contact when entering the social compartment along the entire session (probability of social contacts at entrance 0 -5 min: 0.70; 5-10 min: 0.83; 10 -15 min: 0.73; Fisher's exact test p ϭ 0.84), whereas control mice showed a decrease in the probability along the task (0 -5 min: 0.64; 5-10 min: 0.55; 10 -15 min: 0.35; Fisher's exact test p Ͻ 0.05). Interestingly, the social contact probability was similar for both groups at the beginning of the session (0 -5 min: sham 0.70, lesion 0.64; Fisher's exact test p ϭ 0.49), but differed significantly at the end of the session (10 -15 min: sham 0.35, lesion 0.73; Fisher's exact test p Ͻ 0.05), supporting the notion that SCIN lesion increase the predictability of the social response. Spatially restricted SCIN ablations, like the ones achieved in previous studies where severe SCIN ablation was obtained in subregions of the striatum, are insufficient to trigger the social perseveration described above (data not shown).
The perseverant social response displayed by SCIN-lesioned mice may arise from a deficit in social memory or social recognition. To explore this possibility, an independent cohort of control and lesioned mice underwent a social recognition task in which test mouse was exposed repeatedly to a conspecific demonstrator in a neutral arena (Fig. 6 ). As expected, control mice showed intense social exploratory behavior toward the demonstrator during the first 1 min presentation and, in subsequent trials, spent less time in further investigation, reflecting social shortterm memory (RM-ANOVA time factor F (4,44) ϭ 6.45, p Ͻ 0.0005). During the last trial, controls again showed a strong interest in a new stimulus mouse, reflecting that the decrease in social interaction in the preceding trials was due to intact formation of social short-term memory. Consistently with a social perseveration phenotype, SCIN-lesioned mice displayed higher interaction times along the entire session (RM-ANOVA treatment factor F (1,44) ϭ 4.5, p ϭ 0.057. Despite the perseverative response displayed, SCIN-lesioned mice habituated their response at the same rate as control mice (RM-ANOVA, treatment ϫ time interaction F (4,44) ϭ 0.39, p ϭ 0.8), suggesting that social memory was preserved. Furthermore, SCIN lesion did not affect social recognition (Fig. 6, dishabituation trial) . Latency to the first social approach was unaffected by SCIN lesion, suggesting normal motivation for social interaction (t test t (11) ϭ 0.45, p ϭ 0.33; Fig. 6B ). To assess the predictability of social activity, we calculated the coefficient of variation of the intraindividual social response (Fig. 6C ). In agreement with the results described above, lesioned mice presented a significantly smaller CV than did control mice (t test, t (11) ϭ 2.47, p Ͻ 0.05), confirming that SCIN ablation turns social behavior more structured and perseverative, resembling ritualistic-like behaviors. Cortical drive to striatal motor territory increases after SCIN ablation Corticostriatal circuitry dysfunction has been implicated in repetitive/compulsive behaviors in animal models of OCD and related disorders (Shmelkov et al., 2010; Wan et al., 2014) . Accordingly, to elucidate the functional consequences of the SCIN ablation on corticostriatal connectivity, we have conducted in vivo electrophysiological recordings assessing the impact of SCIN ablation in segregation of cortical inputs across striatal territories. We have used this experimental approach successfully to characterize alterations in corticostriatal functional connectivity induced by chronic dopaminergic depletion in mice (Galiñanes et al., 2011; Braz et al., 2015) . The striatal responses evoked by prelimbic and motor cortices stimulation were recorded using a multiple contact silicon probe array spanning dorsal striatum (Fig. 7A-C) . Higher evoked responses after prelimbic stimulation were obtained in medial regions, whereas motor cortex stimulation induced marked responses in lateral regions of the striatum as described previously (Braz et al., 2015) . However, discernible responses were obtained along the entire medial-lateral axis of the striatum for both cortices, reflecting the existence of partially overlapping channels for processing cortical information in the striatum (Fig. 7D) . SCIN ablation did not affect the corticostriatal connectivity over the medial region, but strengthened the evoked responses measured after cortical stimulation in the lateral one (RM-ANOVA, lesion factor: F (1,22) ϭ 7.77, p Ͻ 0.02; interaction: . Selective elimination of SCIN leads to increased social exploration. Three-compartment social interaction test is shown. A, B, SCIN-lesioned mice showed higher levels of social interaction directed toward an unfamiliar mouse but normal exploration of a novel object (*p Ͻ 0.05, Bonferroni post hoc test). C, Number of entries to the chamber hosting the social stimuli along the 15 min session depicting normal environmental exploration by lesioned mice. D, Latency to the first social contact does not differ between lesioned and control mice ( p ϭ 0.9). E, Top, Upright view of the behavioral setup: the three-compartment maze is shown with an subject mice exploring the object chamber (O) located in the opposite compartment than the demonstrator (D). Average heat maps for time spent by subject mice during the entire session are shown. The population heat map was constructed based on head position. Middle, Control group. Bottom, Lesioned group. F (1, 22) ϭ 3.06, p ϭ 0.11; Fig. 7D ). These results indicate that SCIN ablation results in an increase of the functional connectivity between different cortical areas and the motor region, but not the associative region, of the striatum, suggesting that cortical inputs may over-recruit striatal regions involved in triggering and selecting motor responses, resulting in abnormal repetition of otherwise adaptive behavioral responses.
Discussion
Here, we have characterized a new transgenic mouse model in which inducible ablation of SCIN is achieved with high efficiency combined with unprecedented cell-type and region specificities. Using this model, we have provided evidence that SCIN ablation leads to an increase in repetitive behaviors without alteration of motor coordination, balance, or locomotion. Our experiments allowed us to dissect self-directed repetitive behaviors from object-directed ones, suggesting a previously ignored role of SCIN in the control of environmentally driven motor sequences. Moreover, previous studies ablating SCIN have reported the emergence of motor stereotypies only after pharmacological induction with dopaminergic agents (Kaneko et al., 2000; Xu et al., 2015) . However, in our model with extended SCIN ablation, ritualistic-like behaviors emerged spontaneously in novel contexts (that can act as a mild stressor), as occurs in OCD and TS patients.
Role of SCIN in the control of social behavior
We have described, for the first time to the best of our knowledge, an impact of SCIN dysfunction on social behavior. The sustained social activity displayed by lesioned mice, emerging in the form of a highly structured sequence of repetitive reexploration of the already investigated mice, resembles some aspects of altered social life of neuropsychiatric patients, such as the exacerbated need for reassurance displayed by some OCD patients (Starcevic et al., 2012 ) and the high rates of social disinhibition observed in highly heritable forms of TS (Hirschtritt et al., 2016) . This perseverative social behavior may be the result of an impaired capacity of the basal ganglia to select an alternative routine after environmental stimuli lose novelty. For instance, in a novel environment where a congener is present, an initial highly stereotyped investigative phase takes place. After a certain level of information is acquired, exploratory drive is directed to other environmental stimuli, leading to a more disperse interaction with the social stimulus. We speculate that SCIN may control the normal switch between different behavioral states by signaling the relative novelty/salience of environmental cues along the session, as proposed by Ding et al. (2010) . In this vein, it has been proposed that TANs encode changes in previously learned instrumental contingencies (Apicella et al., 1991; Stalnaker et al., 2016 ) that may represent "state prediction error signals" promoting the exploration of alternative actions in changing environments (Bradfield et al., 2013) . Here, we propose a more extended function of SCIN, with the cholinergic signals exerting an online control over behavioral states by upgrading the threshold for action selection in the striatum continuously in response to changes in environmental saliencies and the information acquired through exploration.
SCIN ablation as a bottom-up model to study psychiatric disorders TS patients show a Ͼ50% reduction of SCIN in both the associative and sensorimotor regions of the striatum, but SCIN are preserved in the limbic striatum of patients . Therefore, our animal model reproduces more closely the SCIN pathology observed in TS patients than previous studies inducing SCIN lesions in restricted areas of the dorsal striatum. However, postmortem studies have shown additional changes in the brains of TS patients, including a diminution of the number of other populations of striatal interneurons Lennington et al., 2016) , which are not reproduced in our model. Moreover, in our model, SCIN ablation was performed when mice were 3 months old (i.e., adults), better resembling the onset age for OCD (ϳ20 years) than TS (3-8 years) and may be a factor contributing to the absence of tic-related phenotypes in our system; however, TS may persist into adulthood as was the case in the patients used in the postmortem studies discussed above Lennington et al., 2016) . However, our aim was not to validate a new animal model of TS, but rather to provide a bottom-up perspective of the consequences of SCIN dysfunction consistent with new frameworks for the study of mental disorders, such as the Research Domain Criteria (RDoC) project, by providing a causal link between a well defined pathophysiological entity (SCIN dysfunction) and the emergence of symptoms (ritualistic-like behaviors on social performance) regardless of the clinical entity with which they may be connected.
Cholinergic and dopaminergic signals control self-directed behaviors and stereotypies
Previous studies have failed to show exacerbated emission of spontaneous repetitive behaviors or social dysfunction after Figure 6 . Social memory and recognition are preserved in SCIN-lesioned mice. The socialrecognition test revealed a perseverative social behavior for lesioned mice, with increased social interactions structured in a more predictable pattern. A, Control mice decreased social investigation time after repeated exposures (1 min each) to a stimulus mouse. A fifth dishabituation trial elicited an increased response to a novel mouse, showing individual recognition. Similarly, lesioned mice showed habituation after repeated presentations of the stimulus mouse (*p ϭ 0.057, #p Ͻ 0.05, LSD post hoc test), indicating normal social memory. In addition, lesioned and control mice did not differ in their capacity for recognizing a novel conspecific mouse (# p Ͻ 0.05 vs novel). Instead, lesioned mice exhibited increased social investigation during the entire session regardless of the familiarity with the demonstrator. B, Latency to the first social contact does not differ between lesioned and control mice ( p ϭ 0.33). C, Duration of social contacts during the five presentations of the task was more predictable for lesioned mice than for controls (*p Ͻ 0.05).
SCIN ablation, as we report in the present study (Xu et al., 2015) . The lesions obtained by Xu et al. (2015) encompassed a limited region of the dorsolateral striatum with an almost complete SCIN depletion in the core area, rather than a widespread depletion of SCIN across most of the dorsal striatum. This may provide an explanation for the absence of any spontaneous behavioral abnormality related to OCD or TS in their model. However, they found increased motor stereotypies after strong acoustic stimulation (stress-induced stereotypies) or pharmacological treatment (amphetamine-induced stereotypies) in animals with lesions restricted to the dorsolateral motor region of the striatum. Considering that severe stereotypies have been reported in mice with increased VChAT expression only after amphetamine treatment (Crittenden et al., 2014) , the appearance of abnormal selfdirected stereotypies may require dopamine receptor activation, most likely D1 receptor, together with an unbalanced cholinergic tone. In addition, several studies have shown "tic-like" motor activity after injection of GABA-A receptor antagonists into the motor striatum, which did not require concomitant pharmacological stimulation of dopamine receptors (McCairn et al., 2009; Bronfeld et al., 2013) . More recently, selective ablation of striatal fast spiking interneurons (FSIs), which constitute one of the more important sources of local inhibition, resulted in exacerbate grooming after acute stress (Xu et al., 2016) . It has also been reported that a reduction of the number of striatal FSIs contributes to the intense spontaneous grooming observed in the Sapap-3 mutant mouse (Burguière et al., 2013) . FSIs, which are more abundant in the dorsolateral sensorimotor striatum than in the medial "associative" dorsal striatum (Gerfen et al., 1985) , are partially depleted from the brains of patients with TS (Kalanithi et al., 2005; Kataoka et al., 2010) . Therefore, depletion of FSIs from the motor striatum, in conjunction with dopamine receptor stimulation, may result in exacerbation of self-directed repetitive motor patterns, but the emergence of more complex repetitive behaviors directed to environmental events including social stimuli may only appear after extended SCIN dysfunction also involving the medial striatum.
Overall, our findings show that SCIN degeneration can lead to the emergence of perseverative behaviors oriented to salient environmental stimuli, resembling ritualistic-like behaviors observed in adult OCD and TS patients. Self-oriented perseveration, also observed in these syndromes, may respond to other pathophysiological mechanisms, probably related to striatal FSIs and dopamine D1 receptor overactivation (McCairn et al., 2009; Worbe et al., 2013) . Conspecifics are particularly effective in triggering ritualistic social interactions in animals with SCIN ablation, suggesting a mechanism through which a reduced number of SCIN could interfere with normal social life in different psychiatric disorders. . SCIN ablation results in increased cortical drive of the motor territory of the striatum. A, Concentric bipolar electrodes used for electric stimulation were aimed to mPFC (prelimbic region PRL) and motor (Mot) cortices. A multiple contact silicon probe array with 3 shanks spanning dorsal striatum was used to record evoked responses across the medial-lateral regions (shank 1-3 from associative to motor territories of the striatum) from 5-6 SCIN-lesioned and 6 control mice under urethane anesthesia in vivo. B, Representative histological sections showing the location of cortical stimulation (left) and striatal recording (right) electrodes (aca: anterior commissure; St, striatum; cc: corpus callosum). C, To quantify striatal action potential responses, individual trials (bottom) were rectified, smoothed, and averaged, allowing the computation of the area of the multiunitary action potential response (top).D, Multiunitary action potential response evoked in medial (shank 1) to lateral striatum (shank 3) after stimulation (500 A) of mPFC (Prl) and motor (Mot) cortices in SCIN-ablated and control mice. No significant effect of ablation was observed in associative regions; however, cortical inputs to motor territory (shank 3) were significantly potentiated in lesioned mice. *p Ͻ 0.05. Data are shown as mean Ϯ SEM; mouse numbers are indicated in parentheses.
